Synthetic duplex DNAs of repeating sequence, such as poly d(TTC)-poly d(GAA), were separated into their individual single strands. The various single strands complexed not only, as expected, with their complementary strands, but also with other non-complementary strands. Characterization of such complexes with respect to stoichiometry, T m values and the dependence of T m on NaCl concentration showed that a variety of unusual structures could be inferred at physiological salt concentrations. These included extrahelical thymines, G-T oppositions, A-C oppositions and T-C oppositions.
INTRODUCTION
Heteroduplex DNA containing extrahelical and mismatched base-pairs is an intrinsic feature of mutagenesis, repair and recombination. Extrahelical bases and mismatched base pairs have been observed in a number of natural and model systems (reviewed in 1 and 2).
Recently it has become apparent that naturally occurring DNAs contain "extrahelical" bases.
For example the terminal hairpins of vaccinia DNA contains extrahelical bases uniquely located (3).
Extra-helical bases may also sometimes occur as transient intermediates where repeating nucleotide sequences can slip. It has been shown that spontaneous and mutagen induced frame-shift mutations often originate in "hotspots". These are typically located in base runs (e.g. -AAAAA-) and models for insertions and deletions can easily be generated during repair/replication by transient extrahelical bases (4, 5) . NMR data (6) using short model synthetic duplexes indicates that at least in the case of an adenine inserted in a sequence of otherwise perfect Watson-Crick helix, the adenine rather than being extrahelical is still stacked, somewhat analogous to an intercalating agent. An "extra" base may therefore be genuinely extrahelical as shown for T in poly d(TCTC)-poly d(GGA) (7) . or stacked in an intrahelical state if the free energy of stacking is large.
Synthetic heteroduplexes composed of random ribo-copolymers bound to homopolymers provided the first data concerning the stability and structure of nucleic acids containing mismatched base-pairs (1, 8) . These include the "wobble" base-pairs I.A, I.U and G.U (10) as well as the A.C pair. While tentative evidence suggested that keto-enol and amino-imino tautomers may be present in these duplexes more recent NMR and crystallographic studies (2,6,9,10,11.12) suggest that nucleic acid structure is inherently flexible and that most mismatches can be incorporated into Watson-Crick duplexes through alternative base-pairing modes.
Previously we have shown that the two non-complementary polymers poly d(TC) and poly
I -G-G-A-l
d(GGA) can give rise to a stable duplex core with extrahelical T's, r T -c C-Tabbreviated poly d(TCTC)-poly d(GGA) (7) . This structure was confirmed by mixing curve analysis and spectroscopic techniques. This approach is rapid and allows one to screen many heteroduplex combinations looking for those distinguished by high-stability or potentially interesting base-pairing.
These combinations appear to be suitable structures for more detailed NMR or X-ray analyses of chemically synthesized oligonucleotide duplexes.
MATERIALS AND METHODS
Duplex Synthetic Polymers. Synthetic polymers were synthesized in reactions containing 50 mM potassium phosphate pH 7.5, 12 mM MgClj, 0.02% NaNj, 1 mg/ml autoclaved gelatin, 6 mM total deoxynucleoside triphosphate (in a base ratio.appropriate to the polymer being synthesized), 0.1 to 0.5 AJK, primer DNA (as obtained originally from Prof. H.G. Khorana) and E. coli DNA polymerase I (13). When necessary poly d(AT) synthesis was inhibited with des-N-tetramethyl triostin A (14).
DNA synthesis was followed using the enhancement of ethidium bromide fluorescence (15) .
Reactions were stopped with 20 mM EDTA. Proteins were hydrolyzed by the addition of proteinase K (Boehringer-Mannheim) to 50 iig/ml. After 2-3 fold concentration with a stream of filtered air at 3T, samples were fractionated on Biogel A-1.5m or A-5m (Biorad) and the excluded material pooled.
Agarose gel electrophoresis showed these polymers to have a broad molecular weight distribution of 500-25000 base pairs. Alkaline sedimentation velocity showed these DNA's to be composed of single strands approximately 200 to 600 bases in length (16) , due to single strand nicks in the DNA.
The T m of polymers synthesized this way was always measured to confirm the identity of the duplexes, and agreed with the literature data (17) . Other checks of polymer identity included nearest neighbour analysis of E. coli RNA polymerase transcripts, base composition analysis and buoyant density determination.
Single Stranded Polymers. Polypyrimidine strands were prepared by incubation of the duplex for 16-20 hours at 3T with 67% formic acid (18) in order to depurinate the purine strand. Yields were good (65-95% of starting polypyrimidine strands) and completely free of contaminating poly purine strand. Alkaline sedimentation velocity suggested sizes of 40-70 nucleotides.
Polypurine strands were prepared using exonuclease in, which under mildly acidic conditions, selectively degrades the polypyrimidine strand of these synthetic duplex DNA's (19) . Yields were usually 30-50% of starting purine. Sizes were similar to the polypyrimidines, circa 40-70 nucleotides by alkaline sedimentation velocity.
Polypyrimidine strand identities were checked by HPLC base compositional analysis. 
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Poly dT and poly dC data from Ts'o et_ a_l_. (29) . Other extinction coefficients were determined by the method of continuous variations (28) and by nuclease digestion and refer to polymers dissolved in 10 mM Tris-HCl pH 8.0, 0.1 mM EDTA. Polypurine melting temperatures were determined in 250 mM NaCl, 10 mM Tris-HCl pH 8.0, 0.1 nM EDTA.
Nucleoside analyses normally agreed to within ± 2% of the expected pyrimidine base ratio.
Polypurine strand identities were confirmed by measuring the melting temperature of the self-complexes that are formed by these polymers (19) ( Table 1) .
Polypyrimidine strand concentrations were determined spectrophotometrically using the extinction coefficients listed in Table 1 . Polypurine strand concentrations were determined by titrating each preparation with the complementary polypyrimidine strand of accurately known concentration since polypurines form self-complexes (20) .
Other Polymers. Homopolymers were purchased from PL Biochemicals. Poly d(TG) was a gift of Dr. V. Paetkau. Poly r(GA) was prepared by E. coli RNA polymerase transcription of poly d(TC)poly d(GA) in the presence of ATP and GTP (21) . After synthesis the DNA was degraded with ribonuclease-free DNase I (Boehringer-Mannheim) and the product purified on Biogel A-0.5m in 10 mM Tris-HCl pH 8.0, 0.1 mM EDTA. Strand concentration was determined by poly d(TC) titration. Poly r(GA) prepared in this way was found to contain about 6% poly d(GA) but no poly d(TC)orpolyr(UC).
Enzymes. DNA polymerase I was prepared from frozen E. coli cells according to the procedure of Jovin et al. (22) , with an additional chromatography step on LKB HA-Ultragel (23) in order to remove non-specific endonucleases. Exonuclease HI was recovered as a by-product of DNA polymerase I purification and further purified on phosphocellulose P-11 (Whatman). It had a specific activity of about 17,000 units/mg (23) . Neurospora crassa endonuclease was purchased from Miles and had a specific activity of circa 900 units/mg. Spectral and T m Measurements. Absorbances were recorded on a Gilford Model 2400 spectrophotometer equipped with heating plates and a Haake heating unit as described in (7). CD spectra were recorded on a Cary 60 spectropolarimeter equipped with model 6001 CD accessory and niques. The simplest is to look for formation of a duplex which will enhance the fluorescence of ethidium bromide (7) . This method has a problem in that ethidium bromide stabilizes mismatches and extrahelical bases (25, 26) and thus may perturb stoichiometry and stability measurements. Several other techniques were used to demonstrate the formation of heteroduplexes. Hybridization can also be followed by buoyant density shifts. Single-stranded polymers band as broad peaks in cesium sulfate at distinctive buoyant densities. However, when "P end-labelled polypurine strands are allowed to anneal with non-complementary 3 H labelled polypyrimidine strands Possible Structure Hybrids that Appear to Contain Extrahelical Bases. In order to further characterize these hybrids, mixing curves were constructed to determine the strand stoichiometries. This methodology is described in a previous paper (7). Table 2 summarizes the hybrids which we believe contain extrahelical bases.
The evidence for exUahelical bases in poly d(GGA)-poly d(TCTC) is summarized elsewhere and will not be repeated here (7) . Circular dichroism (Fig. 2) Hybridization of poly r(GA) to poly dT gave a 0.75 pyrimidine to 1 purine ratio. The most probable structure is a hybrid containing both G-T pairs and extrahelical guanosines ( Table 2 ). In order to confirm this hypothesis advantage was taken of the fact that glyoxal will reversibly form an adduct with guanine base. At pH 7 this reaction is specific for guanine alone (27) . The reaction can be followed spectrophotometrically at 268 nm and because the adduct involves the N 1 and N'-amino sites on guanine, this provides a convenient way in which to titrate accessible versus base-paired guanines. Figure 3 shows the kinetics of this reaction. When hybridized, roughly half the guanines were modified under defined conditions, whereas if the RNA was first hydrolysed to mononucleotides, all the guanines were modified. Presumably GMP stacking restricted access to the reactive sites while extrahelical bases were exposed to the solvent. Figure 3 (inset) shows that the hybrid is stable in the presence of glyoxal but after melting the hybrid doesn't reanneal.
Hybrids that Appear to Contain Non-Watson -Crick Base Pairs. A number of strands hybridized in a ratio that suggested they contain non-Watson-Crick base-pairs. These are summarized in Table 3 . The poly d(GGA)-poly d(TTC) hybrid was interesting in that more than one hybrid could be formed by these strands depending on the salt conditions. This is shown in Figure 4 . Above 0.41 M (NaCl) two transitions appeared. We are not certain as to the strand composition of these high-salt forms although they appear to be different and we must leave this phenomenon unexplained at present. That hybrid(s) formed was confirmed independently by buoyant density shifts and N. crassa endonuclease digestion.
Two hybrids formed which clearly appeared to contain A-C base-pairs. Poly dA and poly d(TTC) annealed in a 1:1 base ratio by fluorescence assay. As expected, considering that the WatsonCrick base pairs must all be A-T's the T m is low but showed a surprisingly large sensitivity to salt concentration (Table 3) . Because this sensitivity to salt concentration is characteristic of triplestranded complexes (28) and because a triplex may not have been detected by ethidium fluorescence assays a uv mixing curve was constructed ( Figure 5 ). This gave a strand stoichiometry identical within experimental trror to that determined by fluorescence measurements.
The poly d(GGA)-poly d(CCC) hybrid proved difficult to form until special hybridization conditions were used (see Methods and Materials). This may be because the poly d(GGA) strand will form a stable four-stranded structure (19) . Formation of the hybrid must disrupt other structures and may be a path dependent process as has been observed in other polynucleotide complexes (29) .
Poly d(TG) and poly dC annealed with a 1:1 base stoichiometry suggesting that a hybrid containing TC oppositions may be able to form. As one would expect this hybrid is exceedingly Hybrids of Uncertain Structure. Table 4 summarizes the hybrids that formed in a stoichiometry difficult to equate with any particular structure. In all cases, structures containing blocks of three Strand ratios were determined by fluorescence and T m 's as described in Table 2 . Finally hybrid stability can be increased by the addition of intercalating drugs (26) . This is illustrated in Figure 6 in which the frameshifting mutagen proflavine is shown stabilizing the poly 
DISCUSSION
Deducing Structures from Mixing Ratios. Some of the structures described in Table 3 could only be deduced from mixing ratios. Adequate data exists in the literature to justify our assumption that many contain A-C and GT pairs. Only recently has evidence been given for pyrimidine-pyrimidine pairing (2) . Such pairs may be biologically important in the mitochondrial genetic code which seems to involve U-U or U-C recognition at the third codon position (32) . the hybrids also suggests a higher charge density perhaps because back-bone distortions force phosphates into closer proximity. These backbone distortions can be detected using certain nuclease probes.
For example hybrids are much more sensitive to BAL 31 endonuclease (35) than are the proper duplexes (data not shown). Potentially analysis of digestion intermediates may be useful in future studies of these hybrids.
Why Some Hybrids Do Not Form. A number of hybrids do not form as listed in Table 5 .
Poly d(GAA) and poly d(TCC) hybridized weakly but not well enough to determine the stoichiometry. In all other cases, hybridization would produce a helix with a very high frequency of mismatches (1:2 or more) which would be unstable and not likely to form. One mismatch in two seems to be the limit with which these helices can tolerate both Watson-Crick and unusual base mismatches in moderate (0.1 to 0.5 M NaCl) salt concentrations.
It should be pointed out that the T m 's reported in Tables 1 and 2 may underestimate the melting points of these hybrid duplexes. The strands are short, so end effects are not negligible.
Polymers of length = 50 base pairs may have a T m as much as 10' lower than polymers of infinite length (36, 37) suggesting that the T m 's reported here should be considered in a relative rather than absolute manner. For polymers with n = 50 there is little dependence of T m on concentration (36).
The results described here should prove useful in indicating heteroduplex structures worthy of further analysis. Table 3 lists polymers containing G-T and AC oppositions flanked by differing base-pairs. A detailed comparison of these structures would be of interest since it might explain how flanking sequences alter mismatch structure, an understanding of which is crucial to explaining certain features of mutagenesis (38) . Table 4 illustrates how duplexes containing extensive stretches of heterology can still be quite stable and would be worth further analaysis to see whether stretches of "wobble" base-pairs might be present. Finally the fact that heteroduplex DNA's can be formed containing repeated mismatches may be of use in NMR studies since they would dramatically simplify spectra by reducing the sequence complexity.
